The results of Monte Carlo radiation shielding study performed with the MARS15 code for the vertical test facility at the A0 north cave enclosure at Fermilab are presented and discussed.
Introduction
The vertical test facility at the A0 north cave is planned to be used for testing 1.3 GHz single-cell superconducting RF cavities with accelerating length of 0.115 m. The operations will be focused on high accelerating gradients-up to 50 MV/m. In such a case the facility can be a strong radiation source [1] . When performing a radiation shielding design for the facility one has to take into account gammas generated due to interactions of accelerated electrons with cavity walls and surroundings (for example, range of 3.7-MeV electrons in niobium is approximately 3.1 mm while the thickness of the niobium walls of such RF cavities is about 2.8 mm). The electrons are usually the result of contamination in the cavity.
The radiation shielding study was performed with the MARS15 Monte Carlo code [2] . A realistic model of the source term has been used that describes spatial, energy and angular distributions of the field-emitted electrons inside the RF cavities. The results of the calculations are normalized using the existing experimental data on measured dose rate in the vicinity of such RF cavities. model, the following convention applies: white, light blue, grey and pink colors correspond to vacuum, air, regular concrete and stainless steel, respectively. The boundaries between different regions are shown with black lines. It should be noted also that, when the resolution of a figure is inadequate to show small regions, these regions appear as black ones.
Geometry Model

Source term
A realistic model has been developed recently in order to describe spatial, energy and angular distributions of field emission current generated in RF cavities at high accelerating gradients. The code FISHPACT [3] has been used to generate trajectories of electrons originating at the emitting site as shown in Fig. 3 . The emitting site corresponds to location of the peak electric field in the cavity, so that the electrons emitted from this site have the highest probability of acquiring the maximum energy.
Figure 3: Sample electron tracks generated in a single-cell RF cavity with accelerating gradient of 42 MV/m. The calculations were performed with the code described in Ref. [3] .
The tracks shown in the Figure represent the paths of flight of the electrons for every 2 degree interval in the 180 degree space of the RF period. The tracks are symmetric around the vertical axis Z. The code also gives the final energy of an electron immediately before it strikes the inner wall of the cavity as well as angle of the incidence. The data, along with the maximum power available in the cavity, can be used to deduce the field emission current in the different spatial regions I through X as shown in Fig. 3 .
The accelerating gradient of 42 MV/m was selected for the following reasons. First, the gradient in a cavity is limited by the superheating critical field, H sh , which has a theoretical value of 230 mT for niobium [4] and for which the corresponding gradient could be as high as 55 MV/m. In our case we chose a widely measured H sh value of 180 mT which corresponds to an accelerating gradient of 42 MV/m. See, for example, Ref. [5] where measurements for alternative-shape single-cell cavities are described and the result is 175±15 mT. Second, for a fixed RF power, the higher the accelerating gradient, the lower field emission the cavity can tolerate. Any field emission takes a fraction of the energy stored in the cavity, so that the accelerating gradient drops. In other words, strong field emission and higher gradient such as 55 MV/m can not co-exist, while at 42 MV/m one can have some field emission loading. Therefore, generation of field emission current at 42 MV/m represents the worst case scenario from the standpoint of radiation shielding.
In our case the maximum electron energy corresponding to the accelerating gradient of 42 MV/m is 3.7 MeV and it occurs in the region I. The total predicted field emission current for a given RF cycle is approximately 1.1 mA and this value seems to be a significant overestimate of a realistic value. The amount of electrons generated by a high electric field depends on the quality of the inner surface of the cavity and the quality is very difficult to describe numerically. On the other hand, the generated electron tracks are reliable because modeling of electron transport in a given electric and magnetic field is performed with a high accuracy. Therefore, to deduce the value of the field emission current, a comparison with a measured dose rate is used as described in the next section.
Normalization of calculated dose
The model of the field emission current described in the previous section lacks an essential component, that is the absolute value of the current. The value deduced from theoretical considerations [3] is extremely high (about 1.1 mA) and not reliable and, therefore, can not be used for practical purposes. To that end, one uses experimental data obtained at DESY [6] for similar radiation tests of single-cell RF cavities.
Twelve years of experimental data for single-cell cavities from the DESY/TTF vertical test facility were analyzed, and are used to make realistic predictions. The x-ray dose rate was measured 5 cm off axis on top of the stainless-steel top plate (approximately 1 m to 1.5 m from the cavity), i.e., between the radiation shielding internal to the dewar and the shielding outside the dewar (the internal shielding used for those tests is shown in Refs. [7] and [8] ). An analysis of the maximum x-ray dose rate, at maximum accelerating gradient, showed that the dose rate was less than 600 mrem/hr 90% of the time. The maximum x-ray dose rate ever measured for such cavities was found to be 1500 mrem/hr (see Fig. 4) .
A straightforward comparison of the dose measured in 90% of cases and calculated dose, other things being equal, gives rise to the conclusion that the field emission current is as low as 7.5 µA. Such an approach is a more reliable estimate of the field emission current generated in RF cavities when compared to theoretical predictions. Figure 4 : The distribution of measured dose rate at the DESY test facility for single-cell tests. The total number of recorded events with non-zero measured dose is equal to 186.
Calculated dose distributions around the facility
The radiation shielding calculations have been performed for the facility without any extra internal shielding. The calculated distributions of the prompt dose around the facility are shown in Figs. 5 and 6 and in each case the dose was averaged over a layer as thick as 30 cm. One can see from the Figures that a couple of hot spots reveal the dose slightly above 5 mrem/hr: (i) at the wall closest to the cavity, that is around X=83 cm, Y=-130 cm, Z=0 cm; (ii) on the roof above the cavity, that is around X=320 cm, Y=Z=0 cm. In both the cases the dose is about 15 mrem/hr and it can be reduced down to the acceptable level of 5 mrem/hr by means of an extra local shielding. A conservative estimate shows that the following thicknesses would suffice: (i) concrete-10 cm; (ii) steel-4 cm; (iii) lead-2 cm. With such an extra local shielding installed, the predicted dose outside the walls and above the roof of the facility will not exceed 5 mrem/hr. At the same time, the regions more than 5 m away from the hot spots reveal the dose not exceeding 0.25 mrem/hr.
Conclusions
The radiation shielding study performed with the MARS15 Monte Carlo code for the vertical test cryostat facility revealed that the existing shielding is adequate except for two hot spots. The dose at the two hot spots can be reduced by means of small amount of an extra local shielding. The predicted dose in regions farther than 5 m from the hot spots does not exceed 0.25 mrem/hr.
